The adsorption behavior of Cs(I), Sr(II), I(I), and Ln(III) species on the novel synthesized tannic acidtype resin embedded in high-porous silica beads (TA resin) in seawater with initial pH 7.7 has been studied at room temperature, compared with those of typical resins such as bisphenol A-type (BA), DIAION CR10, WK10, and PK228 resins. As a result, it was found that the obtained distribution coefficients (K d ) of these metal ions using the examined resins increase in order of WK10, CR10, BA, and TA resins ( PK228 resin) for Cs(I) species, in order of WK10, BA, TA, CR10, and PK228 resins for Sr(II) species while these resins have no adsorption ability of I(I) species. Moreover, it was also revealed that these resins can adsorb stronger trivalent lanthanides from La to Lu except for Pm in order of PK228, WK10, BA, TA, and CR10 resins. These results imply that the adsorption ability of our synthesized TA resin for the metal ions such as Cs(I), Sr(II), and Ln(III) species are much higher than those of commercial resins, that is, we have succeeded in the synthesis of the novel effective resin for removal of found that the adsorption processes between TA resin and Ln(III) species are strongly influenced by the components contained in seawater. Furthermore, their processes were found to be endothermic and spontaneous reactions in nature. From these results, we concluded that the developed TA resin is suitable for removal of Ln(III) species rather than that of Cs(I) and Sr(II) species in contaminated seawater.
Introduction
Triggered by the great Tohoku earthquake and tsunami on March 11, 2011 , an enormous amount of contaminated water containing radioactive nuclides, where freshwater, seawater, diluted seawater, and concentrated seawater with radioactive nuclides, was generated by means of sustained injections of seawater for emergency cooling of nuclear cores in Fukushima Daiichi Nuclear Power Station. The amount of contaminated water with radionuclides has been increasing day by day and the total volume of the contaminated water has reached ca. 460,000 m 3 .
1)
Recently, various types of decontamination systems of contaminated water containing radionuclides have been proposed and operated. However, their systems are often out of operation due to various system troubles and beside their removal capability has not been exactly accepted for the water-quality standards for ocean release. It has been known that tannin has the high adsorption ability for many kinds of metals such as Cu, 2) Cd, 2) Zn, 2) Mn, 2) Fe, 2) U, [3] [4] [5] [6] Cr, 7) Pd, 8) and Cs species. 9) Additionally, it can be expected that tannin has the sufficient radiation resistance because the chemical structure of tannin is similar to that of phenol with the high radiation resistance. 10) Chinese gallotannin was chosen as an adsorbent since this hydrolyzed tannic acid resin as shown in Fig. 1 has assured enough heat resistance. 11) On the basis of the background described above, we have developed the novel adsorbent consisted of the tannic acid-type resin embedded in porous silica beads (TA resin (H form)) for decontamination of radioactive nuclides from contaminated water containing seawater. We have also synthesized the bisphenol A-type resin (BA resin (H form)) as a reference material. Adsorption capacity of each adsorbent was compared with those of styrene-divinylbenzene-type resins with sulfo groups (PK228 resin (Na form)), divinylbenzenetype resins with carboxyl groups (WK10 resin (H form)), and styrene-divinylbenzene-type resins with imino-diacetic acid groups (CR10 resin (Na form)) as shown in Fig. 1 . As the simulated radionuclides, Cs(I), Sr(II), I(I), and Ln(III) species were chosen and the removal of these elements must be required strongly judging from the present severe accident conditions of Fukushima Daiichi Nuclear Power Plants. 1) Moreover, the chemical properties of Ln(III) species are analogous to those of MA(III) (MA(III); Am and Cm) and therefore the data on adsorption behavior of Ln(III) species in seawater should be fairly useful for the removal of MA(III) species in seawater. From these viewpoints, adsorption experiments of Cs(I), Sr(II), I(I), and Ln(III) species using the examined resins were carried out in various types of original seawater at various temperatures in the present work and adsorption mechanisms of these species on the selected resin have been discussed in detail and proposed. 3 · nH 2 O) were purchased from Kanto Chemical Co., Inc. and their purities were more than at least 98.0 %. TA (H form) and BA (H form) resins were synthesized successfully and the synthetic methods of the resins were described in our previous work. 6) PK228, WK10, and CR10 resins were obtained from Mitsubishi Chemical, Co., Ltd. and their structural details and chemical properties have been described elsewhere.
Experimental

12)
The original seawater was obtained from the Sea of Japan around Teradomari area in Niigata, Japan and its sampling date is on December 17, 2012. All chemicals for analyses were of special pure grade.
Sample preparations
Before all adsorption experiments, the removal of fine particles contained in seawater taken from the Sea of Japan was carried out using a glass fiber filter (MFMillipore, pore size: 2.0 μm). The concentrations of Cs(I), Sr(II), I(I), and Ln(III) species in the seawater were adjusted to 2.5 × 10 -4 M or 1.0 × 10
3 ) for Cs(I), Sr(II), and I(I) species and 2.5 × 10 -6 M or 1.0 × 10 -5 M for Ln(III) species, respectively. For instance, the indication of [Cs(I)] i represents "initial concentrations of Cs(I) species and the subscript T in [CO 3 2-] T in figure captions means the total concentration of the components. The added simulated radionuclides were completely dissolved into the seawater using an ultrasonic apparatus (Tocho, UC-0515). The diluted seawater was prepared using ultrapure water (18.2 MΩcm at 298 K) produced with a Millipore apparatus (Simpli Lab-UV). The dilution factor was 1.0, 2.0, 3.0, 5.0, and 10.0, respectively. The concentrated seawater (Concentration factor = 1.5) was obtained by evaporating the seawater at 373 K. The evaporation time was for a few days. The initial pH of the seawater was adjusted to 1.3, 2.8, 6.3, 7.3, and 8.5 using HCl and NaOH, respectively. The controlled pH of the seawater was confirmed using pH meter model pHSpear. All sample solutions were prepared by mixing with ultrapure water.
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Adsorption experiments
The adsorption experiments were performed by batch-wise techniques in order to evaluate adsorption behavior of Cs(I), Sr(II), I(I), and Ln(III) species in the various seawater and in a wide temperature range. Without the adjustment of the initial counter cations for all examined cation-exchange resins, TA (H form), BA (H form), PK228 (Na form), WK10 (H form), and CR10 (Na form) resins of each 0.25 g were added into the seawater of 20.0 mL containing Cs(I), Sr(II), I(I), and Ln(III) species. All sample solutions were stirred by using the SWB-17-type shaking water bath kept constant at 298 K. The shaking time was for 24 hours. Each concentration of Cs(I), Sr(II), I(I), and Ln(III) species in sample solutions was measured by using the inductively coupled plasma mass spectrometry (ICP/MS-7700x, Agilent) after all sample solutions were passed through a glass fiber filter (Sartorius Stedim, pore size: 0.45 μm) to remove the resins in sample solutions.
Results and Discussion
Adsorption behavior of Cs(I), Sr(II), I(I), and
Ln(III) species using TA, BA, PK228, WK10, and CR10 resins in seawater The adsorption experiments were performed by batch-wise techniques in order to evaluate the distribution coefficients (K d ) of Cs(I), Sr(II), I(I), and Ln(III) species using TA (H form), BA (H form), PK228 (Na form), WK10 (H form), and CR10 (Na (xxx) form) resins in seawater at room temperature. The K d values were calculated using the following equation (1) .
where C r , C s , C 0 , V s , and V r are concentrations of Cs, Sr, I, and Ln species on TA, BA, PK228, WK10, and CR10 resins after each of adsorption equilibrium, concentrations of Cs, Sr, I, and Ln species in sample solutions after each of adsorption equilibrium, initial concentrations of Cs, Sr, I, and Ln species, volumes of sample solutions, and sample volumes of TA, BA, PK228, WK10, and CR10 resins, respectively. As a result, the order of the obtained K d values of Cs(I) species was found to be TA PK228 > BA > CR10 ≥ WK10 resins (see Fig. 2 ). On the other hand, it was also found that the order of the K d values of Sr(II) species is PK228 > CR10 > TA > BA > WK10 resins (see Fig. 3 ). From Fig. 2 and 3 , it was confirmed that the obtained K d values of Sr(II) species with the resins become relatively larger than those of Cs(I) species. The difference of valence states between Sr(II) and Cs(I) is the reason why the K d values of Sr(II) species using the resins become relatively larger, compared with those of Cs(I) species. TA, BA, PK228, WK10, and CR10 resins has no adsorption ability for I(I) species (data not shown) because anionic and neutral species such as I -, I 3 -, and HIO except for H 2 OI + form mainly in aqueous solutions. 13) Moreover, in the case of Ln(III) species, the obtained K d values were in order of CR10 > TA > BA > WK10 > PK228 resins as shown in Fig. 4 . As can be seen from this figure, the obtained K d values of Ln(III) species increased a few orders of magnitude over those of Cs(I) and Sr(II) species but the case of PK228 resin was excluded. The obtained K d values of Ln(III) species with PK228 resin was the same as those of Cs(I) and Sr(II) species. This result suggests that PK228 resin has little selective adsorption ability for the simulated radionuclides such as Cs(I), Sr(II), and Ln(III) species in the seawater. Perhaps, it can be estimated that the PK228 resin also adsorbs other metal species such as Na and Mg species which are key elements in seawater in the same manner. The sudden drop in the K d values of Gd(III) species with the all resins among Ln(III) species are attributable to the decrease of the stability constants between Gd(III) species and anionic ions such as CO 3 2- and SO 4 2-. 14) In addition, we have calculated the fraction of dissociated resins by using acceptable dissociation constants (pK a ), i.e., pK a = 5.12 (TA), 15) pK a = 9.59 (BA), 16) pK a = -2.7 (PK228), 17) pK a = 4.66 (WK10) 18) , and pK a1 and pK b2 = 2.98 and 9.89 (CR10). 19) The estimated fraction of dissociated resins was found to be > 99.3 % (TA), < 0.1 % (BA), 100 % (PK228), < 18.0 % (WK10), and > 99.9 % and 0 % (For first and second dissociation steps in CR10) at each of final pH values. Despite the higher fraction of dissociated PK228, WK10, and CR10 resins, the simultaneous adsorption of Cs(I), Sr(II), and Ln(III) species with these resins was not observed in the seawater, that is, it was found that CR10 resin has little adsorption ability for Cs(I) species, WK10 resin shows no adsorption ability for Cs(I) and Sr(II) species, and the adsorption selectivity of PK228 resin for Ln(III) species is not so much sufficient. Contrary to aforedescribed results, TA and BA resins which is one of phenol-type cation exchange resins, can be regarded as desirable adsorbents for removal of Cs(I), Sr(II), and Ln(III) species in the seawater, compared with the other examined typical resins. Judging from the viewpoints of the K d values between TA and BA resins in the seawater, it can be thought that TA resin is more preferable to BA resin for removal of these elements from seawater.
Adsorption mechanisms of Ln(III) species on
TA adsorbent in seawater TA resin has the high selective adsorption ability for Ln(III) species in seawater. Therefore, we have examined the adsorption behavior of Ln(III) species under the conditions, final pH = 1.5, 2.8, 6.3, 7.2, 7.4, and 8.1, Temp. = room temperature, the dilution factor of seawater = 1.0, 2.0, 3.0, 5.0, and 10.0, and the concentration factor = 1.5, in order to understand in depth the adsorption mechanisms of Ln(III) in seawater. Fig. 5 shows plots of the K d values of Ln(III) species against kinds of Ln(III) species in the final pH ranges between 1.5 and 8.1 at room temperature. As a result, it was found that the obtained K d values of Ln(III) species increase sharply with increasing the pH in seawater whereas the results of final pH 1.5 and 2.8 were excluded from Fig. 5 because no adsorption of Ln(III) species on TA resin was observed. In a word, it is instructive to consider that the OH groups in TA resin are scarcely dissociated (pK a = 5.12) 15) in the low pH region and accordingly TA resin should have small or no adsorption capacity for the cations such as Ln(III) species. Hence, the remarkable increase of the K d values due to the deprotonation of OH groups in TA resin was observed in the vicinity of weak acids such as pH 6.3 as shown in Fig. 5 . Based on these results, it seems likely that the cation-exchange reactions between Ln(III) species and TA resin occur in seawater. In addition, the adsorption behavior of Ln(III) species in diluted and concentrated seawater were also examined. As seen from 
Adsorption isotherms of Ln(III) species on TA adsorbent in seawater
As mentioned above, it can be estimated that the cation-exchange reactions between LnCO 3 + and TA resin occur dominantly in seawater. Hence, based on the assumption that the 1:1 cation-exchange reaction proceeds under the conditions, [Ln(III)] i = 10 μM, TA = 50 -250 mg, Temp. = room temperature, final pH = ca. 7.5, Q m and b constants were evaluated by using the following Langmuir equations (2,3). 25, 26) (xxx)
where q e value is the equilibrium adsorption capacity (mg / g), V s value is the volume of sample solution (L), C 0 value is initial concentration, C s value is the equilibrium concentration (mg / L), W value is the weight of dry adsorbent (g), b value is the adsorbentadsorbate relative affinity in the adsorption process, and Q m value is the monolayer saturation adsorption capacity of adsorbate (meq / g). The analytical details of this method have been described elsewhere. 27) The calculated values of (1 / q e ) were plotted against (1 / C s ) values and the plot is found to give a straight line with an intercept (data not shown). All b and Q m values in seawater were less than 0.1 (L / mg) and 0.1 (meq / g) and this result implies that the adsorption ability of TA resin for Ln(III) species values are strongly influenced by the components contained in seawater. However, the adsorption performance of TA resin for removal of Ln(III) species with the degree of 10 μM from seawater leads to surprising results.
Thermodynamics between Ln(III) species and TA adsorbent in seawater
We have examined on the chemical surroundings of TA resin in seawater in further detail, namely the thermodynamic parameters ( H and S values) for the adsorption of Ln(III) species on TA resin, ranging in Temp. = 273 -330 K, were calculated from the linear plots of ln K d against (1/T) using the following Van't Hoff equation (4) 28) and the obtained values were summarized in Fig. 8 .
where R and T represent gas constant and absolute temperature. All negative G values of Ln(III) species indicate that the spontaneous adsorption processes between Ln(III) species and TA resin occur in seawater. All positive H values of Ln(III) species show the endothermic reactions between Ln(III) species and TA resin proceed in seawater as shown in Fig. 8 . TA resin has many OH groups which is one of hydrophobic group and it can be considered that their cationexchange groups are surrounded by plenty of water in seawater and the similar phenomena can also be estimated in the case of Ln(III) species such as LnCO 3 + . In brief, the hydration shell of TA resin and Ln(III) species must be broken before the adsorption reactions of Ln(III) species with TA resin proceed in seawater. Thus, these dehydration processes would require somewhat energy. The positive values of S suggest an increase in randomness at the boundary between TA resin and seawater with Ln(III) species during these adsorption processes because the randomness arises due to the destruction of hydration shell of Ln(III) species and TA resin superior to the adsorption of Ln(III) species on the surface of the TA adsorbent. 
Conclusion
The adsorption behavior of Cs(I), Sr(II), I(I), and Ln(III) species on the novel synthesized TA resin embedded in high-porous silica beads in seawater with initial pH 7.7 has been studied at room temperature, compared with those of typical resins such as BA, DIAION CR10, WK10, and PK228 resins. As a result, it was found that the K d of these metal ions using the examined resins increase in order of WK10, CR10, BA, and TA resins ( PK228 resin) for Cs(I) species, in order of WK10, BA, TA, CR10, and PK228 resins for Sr(II) species while these resins have no adsorption ability of I(I) species. In addition, it was also revealed that these resins can adsorb trivalent lanthanides from La to Lu except for Pm in order of PK228, WK10, BA, TA, and CR10 resins. These results indicate that the selective adsorption ability of TA resin for removal of metal ions such as Cs(I), Sr(II), and Ln(III) species are much higher than those of commercial resins, that is, we have succeeded in the synthesis of the novel resin for the simultaneous adsorption of Cs(I), Sr(II), and Ln(III) species from seawater. Beside, the adsorption ability of Cs(I) and Sr(II) species were relatively lower than those of Ln(III) species. Due to the dissociation of OH groups in TA resin, the K d values of Ln(III) species with TA resin increased strongly with increasing the pH in seawater and increased gradually with an decrease of the dilution factor of seawater because the concentrations of complexes between Ln(III) species and CO 3 2-contained in seawater become higher. In addition, we have examined the adsorption isotherms and thermodynamics of Ln(III) species on TA adsorbent in seawater. As a result, it was found that the adsorption processes between TA resin and Ln(III) species are influenced by the components contained in seawater and they are also endothermic and spontaneous reactions in nature. From these results, we concluded that the developed TA resin can remove Ln(III) species more effectively than Cs(I) and Sr(II) species from contaminated seawater.
